Priming is the cellular state in which the harmful effects of abiotic stress factors in plants are hindered by pre-exposure to a stimulus, thus resulting in greater survival. It is becoming increasingly evident that priming techniques (e.g., external application of natural or synthetic compounds in plants) can enhance the tolerance of crops to environmental stresses. Innovative systems biology approaches such as proteomics are currently recognized as essential tools to understand the molecular mechanisms underlying plant responses to environmental stimuli and priming phenomena. The few published proteomic studies on priming in the context of environmental stress identify key protein targets and signaling pathways which are being involved in the alleviation of negative effects of stress factors. Since priming is a very promising strategy in modern crop production management, further research is needed in order to establish the global picture of priming phenomena against environmental challenges as well as to characterize specific priming-related protein indicators in plants.
INTRODUCTION
The process of priming involves prior exposure to an eliciting factor making plants more tolerant to future stress exposure (Figure 1 ). Since environmental stress negatively affects crop growth and productivity throughout the world (Krasensky and Jonak, 2012) , studies on plant priming against abiotic stress factors are essential. Despite the agronomic and ecological importance of priming, however, little is known about the molecular mechanisms of priming in plants (Conrath, 2011) . Meanwhile, proteomics is becoming a powerful tool to analyze the protein networks in plants upon imposition of environmental stimuli (Hossain et al., 2012) . A number of recent studies also pointed out the role of protein post-translational modifications (PTMs), notably carbonylation and S-nitrosylation in plant defense and priming (Tanou et al., 2009 Astier et al., 2012) , indicating that redox proteomics is critical in the study of priming responses. Thus, it is apparent that primed plants provide excellent scientific challenges for proteomic analyses which, among others, could significantly improve our understanding of how plant cells effectively respond to environmental cues. The aim of this mini-review is to provide an up-to-date overview demonstrating proteomic approaches used to characterize priming phenomena in plants toward environmental challenges.
PRIMING PHENOMENA IN PLANTS
Priming is an important mechanism of various induced resistance phenomena in plants against biotic stresses (Beckers and Conrath, 2007) , whereas an analogy exists for vaccinated animals for an adaptive immunity to a disease and the ultimate prevention or amelioration of the pathogens infection effects. Proposed priming mechanisms include the accumulation of signaling proteins or transcription factors in an inactive form or the occurrence of epigenetic changes that are modulated upon exposure to stress and developed rapidly resulting in a more efficient defense mechanism (Bruce et al., 2007) . Over the past few years, it has become apparent that priming phenomena are also involved in the context of environmental stress . Several studies have examined priming events against environmental stimuli in various plant systems. For example, this was evidenced in the case of NaCl pre-treatment on Glycine max seedlings in order to induce acclimation to subsequent salt stress (Umezawa et al., 2000) , acclimation of Deschampsia antarctica to cold stress (Chew et al., 2012) or application of low levels of Cd to Triticum aestivum for consequent Cd toxicity acclimation (Li and Zhou, 2012) . Similar findings were shown for polyethylene glycol pre-treatment of Elaeagnus oxycarpa seedlings in order to induce acclimation to salinity (Murata et al., 2012) , drought preconditioning of Lolium perenne for cold acclimation (Hoffman et al., 2012) , and application of low levels of Zn for subsequent Cd toxicity acclimation in wheat (Li and Zhou, 2012) . More interestingly, a primed state could also be induced in plants following an initial exposure to a priming agent, such as natural or synthetic compounds including nitric oxide (NO; Molassiotis et al., 2010) , hydrogen peroxide (H 2 O 2 ; Molassiotis and Fotopoulos, 2011) , hydrogen sulfide (H 2 S; , β-aminobutyric acid (BABA; Tsai et al., 2011; Ton et al., 2005) , and polyamines (Alcázar et al., 2010 ; Figure 1 ). This chemical-based priming against abiotic stresses somewhat resembles the systemic acquired resistance phenomenon in the case of biotic stresses (Stuiver et al., 1992; Uchida et al., 2002; Yang et al., 2007) . Additionally, in analogy to the priming treatments on the vegetative parts of plants, seed water-based priming with controlled imbibition for seed invigoration and advance in www.frontiersin.org germination, in which long lasting effects occur after germination as well, has been widely characterized (Gallardo et al., 2001 ). This experimental evidence indicates that priming against environmental stress represents a fruitful area for future research in terms of both basic and applied agriculture science in order to promote the advent of, the more environmentally friendly, sustainable agriculture.
PROTEOMICS AND PRIMING
The agricultural relevance of priming in plants, as it is a costefficient strategy that increases the plant's ability to cope with stress, has motivated scientists to unravel the underlying cellular mechanisms (Beckers and Conrath, 2007) . The last years studies using transcriptome and metabolome techniques have been conducted identifying transcriptional regulators and metabolite switchers and providing fundamental clues of how different networks are affected and interact during the priming process (Zimmerli et al., 2008; Luo et al., 2009 ). However, constraints in the estimation of gene expression levels, mRNA degradation or inefficiently translation, gene alternative splicing, as well as protein PTMs, processing and protein turnover, make the use of proteomics an essential tool covering the gap between the transcriptome and the metabolome (Renaut et al., 2006) . In addition, proteomics studies give the opportunity to track subcellular proteomes and protein complexes (e.g., proteins in the plasma membranes, chloroplasts, mitochondria, and nuclei) and most importantly PTMs associated with priming (see later). Following two dimensional protein extract separation, together with the latest advances in mass spectrometry (MS)-based proteomics such as ion mobility separations, microchip-based proteome measurements, nanoscale reversed phase liquid chromatography, and capillary electrophoresis, as recently described by Angel et al. (2012) , fundamental solutions exempting researchers from the elaborate protein separation procedure are now provided. Furthermore, significant developments in protein identification technologies (MALDI-TOF) and quantification strategies such as difference gel electrophoresis (DiGE), together with the availability of web accessible protein databases and the amount of information which are constantly being obtained through full sequencing of major agricultural plant species genomes (e.g., http://www. nature.com/nature/journal/v485/n7400/abs/nature11119.html# supplementary-information), continuously improve the efficiency and reliability of proteomics rendering them a major field of functional genomics.
During the last years, various proteomic strategies characterize the protein changes in primed plants upon environmentally stressful conditions. Using citrus plants exposed to salinity, it was shown that H 2 O 2 and sodium nitroprusside (SNP, a NO donor) were able Frontiers in Plant Science | Plant Proteomics to prevent the accumulation of a large number of NaCl-responsive proteins via specific proteome reprogramming (Figure 1) , which could prepare the citrus plant to respond more effectively to salt stress (Tanou et al., 2009 ). Furthermore, Bai et al. (2011) , using a different NO donor (S-nitroso-N-acetylpenicillamine, SNAP), showed that the accumulation of G-protein-associated proteins and the induction of antioxidant enzymes were the master mechanism through which salt alleviation was achieved in maize seedlings, in addition to activation of defense proteins, energy metabolism, and cell structure/division remodeling. Notably, the overlapping and/or unique routes of activated mechanisms among different priming agents was identified in BABA-or ABAtreated crabapple plants under drought conditions (MacArisin et al., 2009 ), as well as in H 2 O 2 -or NO-treated plants upon salinity (Tanou et al., 2009) . In specific, the similarities that were identified by MacArisin et al. (2009) in the proteome of ABAand BABA-treated crabapple seedlings using DiGE showed that BABA-induced abiotic stress tolerance is achieved by potentiating an ABA-regulated pathway. However, the significant differences in proteomic pattern between ABA-and BABA-treated crabapple seedlings indicate that BABA may also mediate drought tolerance via some ABA-independent pathways, including changes in cell-wall enzymes leading to suppression of lignin biosynthesis (MacArisin et al., 2009 ). Furthermore, Tanou et al. (2009) showed that H 2 O 2 -and NO-originated priming against salinity in citrus plants exhibit a number of similarities in terms of proteome expression signatures, as 45 leaf proteins were commonly targeted by H 2 O 2 and NO during acclimation to salt stress. It is noted that the majority of H 2 O 2 -and NO-responsive proteins in this study corresponded to enzymes involved in Calvin cycle, such as 1,6-bisphosphate aldolase, phosphoglycerate kinase, glyceraldehyde-3-phosphate dehydrogenase, phosphoribulokinase, transketolase, and carbonic anhydrase, suggesting that reprogramming of specific pathways is required to achieve efficient priming-driven tolerance against salinity. In the same study, both H 2 O 2 and NO pre-treatments alleviated salinity-induced protein carbonylation and shifted the accumulation levels of leaf S-nitrosylated proteins to those of unstressed control plants, suggesting that the oxidation and S-nitrosylation patterns of leaf proteins are specific molecular signatures of citrus plant vigor under stressful conditions (Tanou et al., 2009) .
One of the best-characterized priming effects in biological systems concerns the application of pre-germination treatments in order to synchronize seed germination and invigorate the produced seedlings against adverse environments (Heydecker et al., 1973; Bradford, 1986; Chojnowski et al., 1997; Harris et al., 1999) . The relevance of proteomics to characterize the mechanisms of seed imbibition and priming is best exemplified by studies showing that early steps of seed germination do not require de novo transcription while protein synthesis from the mRNAs stored in the mature seeds is absolutely required, hence revealing the role of proteins stored in the dry mature seed or translated from the stored mRNAs in the success of seed germination and seedling establishment (Gallardo et al., 2004; He et al., 2011) . Early studies were also focused on the proteome characterization of model plants like Arabidopsis under the germinating developmental stages (Gallardo et al., 2001) , followed by research on potential markers of seed vigor under primed and non-primed conditions in agricultural species such as alfalfa and sugar beet (Catusse et al., 2011; Yacoubi et al., 2011) . Rajjou et al. (2006) proposed salicylic acid (SA), an elicitor of plant defense treatment as an invigorating application promoting Arabidopsis seed germination under saline conditions. SA re-induced the late maturation program during early stages of germination, affected the quality of protein translation, primed seed metabolism, provoked the synthesis of antioxidant enzymes, and mobilized seed storage proteins, as evidenced by a proteomewide analysis (Rajjou et al., 2006) . Interestingly, the oxyproteome of Arabidopsis seeds was remarkably affected by SA (Rajjou et al., 2006) , whereas protein oxidation and seed dormancy alleviation was also achieved in subsequent studies via seed pre-germination treatments with oxidizing compounds like methyl viologen (Oracz et al., 2007) or H 2 O 2 (Barba-Espín et al., 2011). Similarly, protein carbonylation levels were strongly suppressed in salt-stressed citrus plants experiencing priming phenomena via treatments with H 2 O 2 or NO before salt stress (Tanou et al., 2009) . Using the same experimental system as well as a comprehensive proteomic analysis, the latter further showed that S-nitrosylation, the covalent attachment of an NO group to a reactive Cys thiol to form an Snitrosothiol (SNO), as well as tyrosine nitration, the addition of a nitro group (NO 2 ) to one of the two equivalent ortho-carbons of the aromatic ring of tyrosine (Tyr) residues, are both involved in the acclimation of citrus plants to salinity conditions . These observations indicate that redox proteomic approaches, like protein oxidation (carbonylation), nitrosylation, and nitration represent an important tool toward understanding priming phenomena in plants. Besides proteomic approaches, individual proteins have also been characterized as key components in the priming process. For example, a reverse genetics approach in Arabidopsis revealed that chemical priming is based on enhanced accumulation of mitogen-activated protein kinase 3 (MPK3) upon exposure to biotic or abiotic stresses (Beckers et al., 2009) , suggesting MPK3 as a potential candidate for priming signaling (Figure 1) .
FUTURE PERSPECTIVES ON PRIMING PROTEOMICS
It is noteworthy that several priming-induced chemical compounds, such as NO are increasingly recognized as mobile elements within plants (Molassiotis et al., 2010) . Thus, because NO acts on proteins to alter their function and on the metabolic or signaling pathways in which these proteins are involved, it is important to characterize the systemic nature of priming phenomena in plants using proteomic approaches. In addition, many priming studies in plants use model chemical pre-treatment systems to induce priming against abiotic stress. This observation possibly indicates that primed plants possess molecular mechanisms that allow them to memorize previous priming events and generate memory imprints during the establishment of priming (Conrath, 2006 (Conrath, , 2011 Bruce et al., 2007; Jaskiewicz et al., 2011; Slaughter et al., 2012; Tanou et al., 2012) . Hence, a great deal of additional work is required to understand the systemic as well as the "memory" characteristics of priming and responsible protein-associated mechanisms in plants, especially in the era of redox-based PTMs. In addition, it has been hypothesized that priming involves accumulation of latent signaling www.frontiersin.org components that are not used until challenge by exposure to stress (Beckers et al., 2009) . It is therefore interesting to apply comparative proteomics analysis in plants treated with chemical priming agents and before the imposition of abiotic stress conditions. Since seed priming and plant priming involved different mechanisms it would be important to characterize distinct features as well as the potential interplay between them at proteome level. Finally, an intriguing challenge will be the application of the classic idea of priming in various biological processes with important agronomic features. For example, Minas et al. (2012) using a proteomic analysis showed that prolonged ozone application during cold storage in kiwifruits may act as antioxidant priming agent and anti-radical elicitor capable of rendering fruits more tolerant to subsequent senescence and ripening at room temperature. Clearly, the employment of proteomic approaches in priming agent-induced acclimation of plants to environmental challenges represents one of the most promising areas of fundamental and applied research for several years to come, whereas future proteomic studies on seed priming will also help to reveal novel markers of seed quality useful to ensure the best crop yields (Catusse et al., 2011; Corbineau, 2012) .
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